Abstract-A constrained optimization problem based on the Lagrange multipliers method is formulated to derive the circulating current references of modular multilevel converters (MMCs) directly in abc coordinates. The resulting analytic expressions for calculating the circulating current reference signals are designed to eliminate oscillations in the dc-side power flow, independently of the ac-side operation of the MMC. As a result of the constrained optimization, the circulating currents are shaped to optimally utilize the degrees of freedom provided by the internal energy buffering capacity of the MMC, to effectively decouple the ac-grid conditions from the dc bus. This property of the proposed control method makes it especially suitable for preventing oscillations due to unbalanced ac-grid voltage conditions from propagating into multiterminal high-voltage dc systems. It is shown that the power flow at the dc-side of the MMC will be most effectively decoupled from ac-side transients if the desired steady-state power flow is imposed by acting directly on the circulating current references instead of by acting on the ac-side current references. The operation of an MMC controlled by the proposed approach is demonstrated by Manuscript received February 28, 2018; revised August 15, 2018, October 31, 2018, and December 20, 2018 simulation studies, verifying the ability to keep the dc power flow free of second harmonic oscillations, independently of the power control objectives applied for calculating the ac-side current references of the converter.
I. INTRODUCTION

F
OR high-voltage dc (HVdc) transmission systems based on voltage source converter (VSC) technology, and especially for future multiterminal systems, it will be important to avoid that power oscillation originating from the ac grid can propagate into the dc system [1] , [2] . For power electronic converter topologies that do not contain internal energy storage elements between the ac and dc terminals, this can only be ensured by controlling the ac-side currents so that oscillations are eliminated from the instantaneous three-phase power flow at the ac terminals. Thus, control strategies for conventional two-level (2L) or three-level (3L) VSCs that are designed to eliminate double frequency active power oscillations from the power flow during operation with unbalanced grid voltage conditions will impose unbalanced ac-side currents [3] - [6] . The need for unbalanced ac currents will also reduce the power transfer capability of the converter compared to operation with balanced three-phase currents, due to the limitations of the maximum phase current [5] , [7] - [9] .
Compared to 2L-or 3L-VSCs, the modular multilevel converter (MMC) proposed in [10] introduces additional degrees of freedom in the control, due to its distributed internal capacitive energy storage. In particular, the possibility to control the internal circulating currents of an MMC separately from the ac-side currents provides a flexibility in selecting the priority of the control objectives for the converter. For instance, the circulating currents can be controlled to be constant [11] , or to contain a second-harmonic component to compensate for second-harmonic voltage or energy oscillations in each phase of the converter [12] . This flexibility can also be utilized during unbalanced grid voltage conditions, as discussed in numerous recent publications [13] . Thus, the MMC can be controlled to act as a power oscillation firewall or an energy buffer during unbalanced faults, preventing power oscillations 2168-6777 © 2019 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. on the ac-side from propagating into the dc system. This can be achieved even if the ac-side currents are kept balanced during unbalanced conditions [14] - [20] .
A. MMC Energy Buffering Potential in Unbalanced Conditions
A simplified representation of a three-phase MMC considered from a macroscopic perspective is sketched in Fig. 1 . As indicated by this figure, each phase on the dc-side as well as the ac-side of an MMC can be represented by a controlled voltage source in series with an equivalent impedance. On the dc-side, the currents in the equivalent interface impedance will be the circulating currents, i , of each phase, and the dc-side current, i dc , will be equal to the sum of the circulating currents for all phases. As viewed from the ac-and dc-side terminals of an MMC model, the voltage sources would maintain a power balance with an internal, equivalent, capacitive energy storage [21] .
A general model of a 2L-VSC with instantaneous power balance between the ac and dc terminals would be identical to the right-hand side of Fig. 1 , i.e., the circuit representing the ac-grid interconnection (e , i ), and the "energy buffer circuit" (v Cz ). Indeed, for the 2L-VSC, the capacitor voltage v Cz in the figure would be the dc-side terminal voltage v dc . Therefore, if power fluctuations due to unbalanced grid voltages should appear in the ac-side of the circuit at the point where the modulated voltage e is represented, they will unavoidably appear in v Cz as well. Thus, such voltage and power fluctuations from a 2L-VSC would propagate throughout the HVdc link. As mentioned earlier, this is usually avoided by controlling unbalanced ac-side currents so that no fluctuations will appear in the power flow at the ac terminals.
Considering the full circuit sketched in Fig. 1 , it can be immediately noticed that the equivalent internal voltage v Cz of an MMC will not necessarily be identical to the dc voltage v dc , as it will be for a 2L-VSC. Therefore, the MMC can be controlled so that its distributed capacitance, as represented by the aggregate capacitor voltage v Cz in Fig. 1 , will function as an energy buffer circuit that can absorb power fluctuations or oscillations appearing at the ac-side. Thus, oscillation-free power flow at the dc terminals under unbalanced ac-grid voltage conditions does not inherently depend on unbalanced ac-side currents, as for the 2L-VSC.
B. MMC Capability for DC-Side Power Control
From the simplified macroscopic MMC representation in Fig. 1 , it can be argued that the equivalent internal energy buffer circuit and the possibility for independently controlling the ac-side and dc-side currents of an MMC can be utilized to completely decouple any type of undesired power fluctuations at the ac-side from propagating into the dc-side. In other words, there is no reason why such decoupling is only valid for steady-state power oscillations at twice the grid frequency that takes place under unbalanced grid operation. If the MMC control objectives would be specified for this purpose, any type of power oscillations taking place at the ac-side could be buffered by the internal energy storage and prevented from appearing at the dc terminals of the MMC, as long as the resulting oscillations in the internal capacitor voltages can be tolerated. Thus, the ac-side response to most of the transient phenomena, power perturbations as well as the steady-state oscillations during unbalanced operation could potentially be blocked from propagating to the dc-side if the dc-side current or power of the MMC would be directly controlled by acting on the circulating currents of the MMC. Such an approach for control of the MMC will be different from the commonly applied control approach inherited from 2L-or 3L-VSC, where the ac-side currents are utilized for controlling the power flow or the dc voltage of an MMC-based HVdc converter station.
C. Context and Contributions
Since the analysis and control of MMCs are currently being widely studied in the scientific community, several different methods have been proposed for controlling the circulating currents when operating under unbalanced grid voltage conditions [14] - [16] , [18] - [20] , [22] - [25] . However, many of these proposed control strategies rely on a circulating current suppression controller (CCSC) and/or other control loops implemented in a synchronously rotating reference frame. Several proposals for control methods in the stationary reference frame are also utilizing the Clarke transformation for implementing control loops in αβ coordinates. Thus, such control methods are usually acting on the zero-sequence components of the three-phases for mitigating dc-side power oscillations of the MMC [14] , [15] , [22] , [23] . Indeed, the utilization of the Clarke and/or Park transformations implies only indirect access to and control of per-phase quantities of MMC.
For providing direct and explicit control of phase quantities, an approach for circulating current control in abc phase coordinates was proposed in [26] and [27] . This control strategy was based on the outer loop energy control and constrained mathematical optimization by the Lagrange multipliers method for derivation of the circulating current references, inspired by the work on active filters in [28] and [29] . By designing the control directly in the abc frame, this approach provides the possibility for controlling the average values of MMC state variables in each phase to follow constant reference signals [26] , [27] , [30] . However, since the optimization problem formulated in [26] treated the phases of the MMC independently, the possibility for optimizing the operation of a three-phase converter under unbalanced ac-grid voltage conditions was not considered.
A first attempt toward application of constrained mathematical optimization by the Lagrange multipliers method for shaping the circulating current references of a three-phase MMC to avoid dc-side power oscillations under unbalanced ac-grid voltage conditions was presented in [30] and [31] . In these initial efforts, the objective of avoiding dc-side power oscillations was conflicting with the constraints introduced in the optimization problem. Thus, dc-side power flow during unbalanced conditions was not precisely constant, although the oscillations could be significantly attenuated.
To achieve a flexible and versatile approach for controlling the MMC during unbalanced grid conditions, this paper presents a generalization of the approach in [26] that will ensure oscillation-free power flow at the dc terminals of the converter. This is achieved by including the requirement of oscillation-free dc-side power flow as a constraint in the formulation of the optimization problem defined for deriving the circulating current references. This results in a single analytic equation for calculating the references for the MMC circulating currents based on the output from a set of outer loop energy controllers. The resulting control approach is capable of regulating the energy stored inside the MMC while ensuring oscillation-free power at the dc terminals, considering two modes of operation with different control objectives defined as minimizing the oscillations of: 1) the circulating current (i k ) or 2) the capacitive energy sum (w Ck ) of each phase k, for achieving reduced fluctuations in the MMC capacitor voltages.
The core idea behind the approach presented in this paper was first proposed in [12] , and later utilized in [32] . The preliminary proposal in [12] is further refined here with a unified explanation of the derivations and an extended analysis of the impact of the proposed approach on the MMC operation, including evaluation of results from three different strategies for ac-side power control under unbalanced conditions, based on the following objectives [3] , [4] : 1) constant active power with sinusoidal grid currents; 2) balanced grid currents; and 3) constant reactive power with sinusoidal grid currents. The results in this paper and the corresponding analysis demonstrate how the various strategies for ac-side and circulating current reference calculation are influencing the energy and voltage oscillations of the MMC under unbalanced conditions. Furthermore, the effect of using the circulating currents to directly establish the desired steady-state power flow of the converter according to the idea introduced in [12] is evaluated. This approach implies that the ac-side currents must be used to regulate the capacitive energy stored inside the MMC, instead of the more conventional approach of using the circulating currents to control the internally stored energy while the ac-side currents are used to establish the desired steady-state power flow in the same way as for a 2L-or 3L-VSC. It will be shown that, by using this strategy, the power flow at the dc terminals is most effectively decoupled from any transients originating from the ac grid, while the dynamic response to disturbances in the ac grid is only reflected in the control of the total energy stored in the MMC.
II. MODULAR MULTILEVEL CONVERTER
The structure of a three-phase MMC is shown in Fig. 2 . Each phase k of the converter is formed by 2N submodules (SMs) of which half of them are placed in the upper (U) arm and the other half in the lower (L). Each SM is composed by two switches (typically insulated-gate bipolar transistors (IGBTs) with anti-parallel diodes) as shown in the figure and allows two active states: 1) bypassed, i.e., with zero voltage at the terminals or 2) inserted, i.e., with the capacitor voltage appearing at the terminals. Both upper and lower arms include an arm inductor-characterized by an inductance L σ and a resistance R σ -in order to compensate for voltage unbalances between the upper and lower multivalves 1 , and the dc terminal voltage. The ac-side interface is assumed to be a filter inductor and/or the leakage inductance of a transformer, modeled by an equivalent resistance R f and inductance L f . For controller design and analysis, it is further assumed that all the SMs in each arm can be replaced by a circuit-based arm average model (AAM), as indicated in Fig. 2 for the lower arm of phase c [33] , [34] . Thus, each of the MMC arms appears as a controlled voltage source in the three-phase topology, while a power balance is established between the arm and its equivalent capacitance.
The ac-grid side and circulating currents for a generalized phase k, i k and i k , are, respectively, defined in the following equations as a function of the MMC upper and lower arm currents, i U k and i L k [11] :
The dynamics of the aggregate capacitor voltages v 
with m U k and m L k the upper and lower normalized arm insertion indices of the converter, respectively, and C σ C/N. By further multiplying the expressions in (3) by their corresponding Fig. 2 
The dynamics of the sum and difference of the capacitive energy (w k and w k ) between the upper and lower arms (or multivalves) are found by, respectively, adding and subtracting (4) [35] . This results iṅ
where e k and u k are the components of the internal modulated voltages of the MMC. 
III. OPTIMAL SHAPING OF THE MMC CIRCULATING CURRENTS
An approach for calculating the MMC circulating current references directly in the abc phase coordinates, based on constrained mathematical optimization by means of the Lagrange 2 Note that the energy definitions introduced here differ in general from the real physical arm energy dynamics, which are found by adding up all the SM energies, except for the case in which a fast balancing algorithm is assumed which forces equal SM voltages within the arm. Nonetheless, from a control design perspective, these virtual energy definitions can always be considered as the result of an appropriate change of coordinates which accurately maps the original capacitor voltage dynamics from (3). multipliers method, was presented in [26] . In order to make the following discussions self-contained, the derivation originally presented in [26] is first briefly recalled before introducing the required analysis for ensuring oscillation-free dc-side power flow of a three-phase MMC.
A. Phase-Independent Optimization of the Circulating Current References
For simplicity, it is assumed in the following derivations that u k ≈ (v dc /2). Furthermore, u k as well as e k and i k will be considered as measurable disturbances in (5) and (6) . These considerations are based on the assumption of time-scale separation between the circulating current control and all outer control loops, the energy dynamics and the closed loop ac-side current dynamics.
Let f k (i k ) be the objective function 3 (associated with the converter phase k), expressed as
This objective function consists of the two following conflicting objectives [26] . 1) Minimize the power oscillations associated with the capacitive energy sum variable w Ck . This objective is represented by the first integral on the right-hand side of the equality in (9). 2) Minimize the oscillations of the power flow associated with the circulating current i k . This objective is represented by the second integral on the right-hand side of the equality in (9). Thus, a weighting factor α ∈ [0, 1] is used to balance their conflicting nature.
The objective function in (9) is subject to two constraints, associated with horizontal and vertical energy balancing of the MMC. More precisely, for each phase k, the constraint given in (10) is defined to regulate the average of the energy sum, whereas the constraint given in (11) is defined to regulate the average value of the energy difference
In (10) and (11), P * k and P * k are assumed to be determined by proportional-integral (PI) controllers for regulating the average values of the energy sum and difference (w Ck and w Ck ) to their desired references, as given by
. MMC phase control scheme [26] .
From (9)- (11), the Lagrangian L associated with the optimization problem under consideration is defined as
with λ and λ the so-called Lagrange multipliers. A solution to this optimization problem is possible since the two selected constraints are compatible, i.e., according to [35] and [33] , the average value of the energy sum (w Ck ) depends on the dc component of the circulating current, while the average value of the energy difference (w Ck ) depends on the fundamental frequency component of the circulating current. These constraints will participate in the shaping of the circulating current reference, by defining its dc component and its grid frequency component, respectively, according to the above-mentioned analysis. Nonetheless, there are still sufficient degrees of freedom regarding the component at twice the grid frequency. This component is directly associated with the objective functions and will depend on the weighting factor selected. Differentiating the Lagrangian with respect to the circulating current variable and both of the Lagrange multipliers λ and λ
and solving the resulting system of three equations (see [26] for more details), the circulating current reference can be obtained as (16) where e k i k and e k i k are the average and instantaneous values of the ac-side power calculated from the product between the ac-side current i k and the internal voltage e k of phase k. In addition e ,rms k,p.u.
The first term on the right-hand side of the equal sign in (16) is the dc component of the circulating current, which is responsible for regulating the average value of the capacitive energy sum of each phase (w Ck ) and ensures the average power balance. 4 The second term in (16) introduces a secondharmonic component to the circulating current that ensures constant energy sum (ẇ k ≡ 0) in steady state when α = 1, whereas the last term is a fundamental frequency component that will regulate the average energy difference between the upper and lower arms (w Ck ). The assumed control structure of an MMC, including the implementation of the circulating current reference (16) is sketched in Fig. 3 -see [26] for more details. It is also worth mentioning that the formulation in (16) allows to control the energy stored in the equivalent arm capacitors of the converter-through P * k and P * kindependently of the value of the voltage v dc at the dc terminals of the MMC.
B. Optimal Circulating Current Reference Shaping for Unbalanced Operation
The circulating current reference i k expressed in (16) is the solution to the optimization problem formulated in Section III-A. Nonetheless, it can be easily noticed that the sum of the three phases ( k∈abc i k ) is not being explicitly controlled to become a constant variable in steady-state operation, due to the fact that the optimization problem was formulated independently per phase. Hence, the dc power output will not necessarily become constant or oscillation-free. For preventing oscillations originating from the ac-side operation of the MMC to propagate into the dc-side, the optimization problem must be reformulated by considering all three phases. Thus, the following new constraint is defined as [12] :
In the above-mentioned equation, P * dc will be a constant or oscillation-free power reference. How this power reference can be chosen is discussed in Section V.
1) Conflicting Constraints:
The constraint in (17) is not compatible with the constraints (10) and (11) used to determine i k . The reason is that these constraints were responsible for the dc-component and the fundamental frequency components of i k that are needed in order to achieve the desired energy regulation, while the new constraint in (17) is imposing a relation between the phases, including the dc-components of i k . To overcome this issue, one of the constraints directly associated with the dc value of i k must be relaxed.
For ensuring that power oscillations at the dc terminals will be suppressed, the constraint in (17) must be prioritized. Even though the energy regulation provided by (10) and (11) is quite important to maintain the desired operating conditions of the system, these constraints can be relaxed in order to find a new circulating current reference i ‡ k . This is achieved by shifting the equations that were initially constraints, to become part of a new objective function.
2) Mathematical Derivation: The optimization problem is defined in the following way. The desired shape of the circulating current of each phase will be as similar as possible to i k ; subject to the constant power constraint given in (17) . More precisely, the new objective function f (i k ) is now given as
where i k is the optimal circulating current reference previously calculated in (16) . Note that due to the derivation procedure of i k and its appearance in (18) , the new objective function also contains the information of the constraints (10) and (11) used in the previous formulation. However, they are not imposed as strict constraints, since they appear in the objective function f (i k ). Thus, these constraints have now been relaxed. On the other hand, the only strict constraint considered in this new formulation is the one associated with constant power flow at the MMC dc terminals defined in (17) .
The Lagrangian associated with this new optimization problem is now defined as
Here, again, it can be concluded from a simple analysis that the solution for this optimization problem is feasible. Even though one constraint appears, it does not define entirely the shape of the circulating current. More precisely, it only ensures that the sum of the circulating currents for all phases (times v dc ) will be free from oscillations. Therefore, there is still a sufficient degrees of freedom regarding the individual waveforms of the circulating currents in each phase, which is used to minimize the new objective function.
To obtain the new circulating current reference i ‡ k , it is necessary to analytically solve
Similarly, differentiating L(i k , λ) with respect to λ results in
Multiplying (20) by (v dc /2), adding all three phases and combining the resulting equation with (21) yields in
Replacing (22) in (20) results in the new circulating current reference equation i ‡ k , given as
Note that (23) has the following clear physical interpretation.
The original zero-sequence component of the circulating current, i z (1/3) abc i k , is being subtracted from the reference and replaced by the new component i ‡ z
(1/3)P * dc /v dc . Indeed, the new zero sequence component of the circulating current i ‡ z has as its only objective to ensure constant power flow at the dc terminals of the MMC, without contributing to the phase-independent arm capacitor energy regulation. Consequently, the phase-independent arm capacitor energy regulation will be carried out only by the nonzero-sequence components of the circulating currents, i.e., by i ‡
Replacing i k from (16) into (23) provides the full expression for the circulating current reference as
It can be seen from this equation that the sum of the circulating current references for the three phases will always yield in (P * dc /v dc ), regardless of the phase-independent energy regulation action that i k is performing. Moreover, by adequately choosing P * dc , the output dc power of the converter may be controlled to effectively prevent oscillations from the ac-side from propagating into the dc-side.
It is worth mentioning that the implementation of (24) is rather straightforward regardless of the complexity of the derivation. This is because (24) mainly relies on algebraic expressions and standard averaging techniques, in addition to the output signals from the PI controllers for the energy balancing control, as defined by (12) and (13) . Furthermore, note that (24) simplifies even further when selecting one of the frontier cases α ≡ 1 or α ≡ 0.
IV. ASSUMED CONTROL SYSTEM IMPLEMENTATION
The expression for the optimized circulating current reference given by (24) can be utilized in any MMC control system configuration relying on separate control of ac-side and circulating currents. The control system implementation assumed for the analysis in this paper is presented in the following.
A. Circulating Current Control by Stationary Multiresonant Controllers
The circulating current references resulting from the mathematical optimization in Section III provides the theoretical optimal currents for regulating the arm capacitive energies independently for each phase, while ensuring nonoscillatory power at the dc terminals of the converter. For utilizing the optimal current reference from (24) in a control system, it should be noticed that this equation for each phase k will contain three different harmonic components-a dc component proportional to v dc , a fundamental frequency component, and a second-harmonic component. Thus, a suitable and simple approach for implementing per phase circulating current control is to use multiple resonant controllers [36] , [37] tuned for controlling the individual frequency components. Such resonant controllers have been widely studied as an interesting alternative to the use of synchronous reference frame PI controllers, in order to avoid the computational load of implementing multiple synchronous reference frame transformations [37] . Recently, resonant controllers have also been widely applied to MMC circulating current control, as, for instance, discussed in [17] - [19] . The multiresonant controller structure implemented in this paper is depicted in Fig. 4 . It consists of the direct addition of two single resonant controllers at once and twice the grid frequency with a common PI term (referred to as parallel or shunt configuration [37] ). This structure corresponds to the circulating current control block of the control scheme from Fig. 3 . For considering operation of the system under grid frequency variations, frequency-adaptive second-order generalized integrators (SOGIs) can be utilized to implement the resonant terms of the current controller [38] .
B. AC-Side Current Reference Calculation and Control
For evaluating MMC operation under unbalanced grid voltage conditions, it is also necessary to define a strategy for shaping the active and reactive power flow on the ac-side of the MMC. As mentioned in Section I, the performance of the MMC with the presented approach for circulating current reference calculation is evaluated in this paper for different power control strategies applied to the control of the ac-side currents. For simplicity, the investigation is limited to the case of active power control, and the corresponding three-phase current references are calculated according to the following generalized equation [4] :
In (25) , P * ac is the power reference at the ac point of common coupling (PCC), and v + Gk and v − Gk are the positive and negative sequence components of the phase k voltage measured at the PCC. For further details, please refer to [3] and [4] . Three different cases are investigated, corresponding to the following objectives for controlling the power flow characteristics at the point of synchronization to the ac grid.
1) Elimination of double frequency oscillations in the ac power flow while maintaining sinusoidal currents: current reference calculation by (25) with kp = −1. 2) Balanced sinusoidal ac currents: current reference calculation by (25) with kp = 0. 3) Elimination of double frequency reactive power oscillations at the point of synchronization to the grid: current reference calculation by (25) with kp = +1. The ac-side phase currents are controlled to follow the current references resulting from (25) by using resonant controllers implemented in the stationary αβ reference frame according to [36] and [39] . The output from the current controllers will, after transformation from αβ to abc coordinates, provide the voltage references e * k as indicated in Fig. 5 . The synchronization to the ac voltage at the PCC and the detection of positive and negative sequence components of the grid voltage is based on dual SOGIs configured as quadrature signal generators (DSOGI-QSGs) according to [40] .
It should be noted that the grid synchronization and the control of the ac-side power flow are based on methods and techniques that are well established and widely studied for grid-connected 2L-VSCs. Thus, the applied control strategy can be easily adapted to handle additional practical challenges related to grid-connected operation. For instance, the grid synchronization mechanism based on the DSOGI-QSG is inherently frequency adaptive and can be extended to include harmonic sequence decomposition, as proposed in [7] . Similarly, strategies for limiting the power flow and current references resulting from (25) can be introduced to ensure safe operation of the converter during severe ac-side grid faults, as discussed in [5] , [9] , and [39] .
V. POWER FLOW CONTROL AND DEFINITION OF ROLES
FOR AC-AND DC-SIDE POWER REFERENCES From the equation for the circulating current reference i ‡ k given in (24) , and the equation for the ac-side current reference i * k given in (25) , it is clear that it is possible to define the dc power reference P * dc and the ac power reference P * ac separately as explicit signals within the control system. However, to preserve the system stability, only one of these references can be used to define the steady-state power flow of the converter, while the other reference must be utilized to compensate for the internal losses while balancing the total energy stored within the converter.
To simplify the analysis, consider as an example an MMC operating as a constant power controlled HVdc converter station. This implies that it will be necessary to assign the constant power reference corresponding to the desired operating point (OP), P ref OP , to one of the two available active powers, i.e., P * ac or P * dc . Furthermore, the remaining one of the two active powers that is not being used to force the desired constant power OP is then assigned to the objective of ensuring the power balance (PB) of the converter by regulating its average capacitive energy sum. This power reference, P ref PB , can be generated by a PI controller as (26) where w ref C3φ is the desired reference for the three-phase average capacitive energy w C3φ . Thus, as first suggested in [12] , this degree of freedom allows for the following two different ways of controlling the MMC. This applies the same approach for power flow control as in a 2L-VSC converter (where there is only one degree of freedom, i.e., the desired power transfer). Thus, the constant power OP will be established by P * ac , whereas the dc-side power reference P * dc is used to regulate the average value of the capacitive energy of the MMC, by means of (26). (26) . This case is of significant interest, since the MMC will not only decouple the ac-side power fluctuations from the dc-side power fluctuations in steady state (as in the previous case) but also buffer the impact of any ac-side transients as well. This behavior will be similar to a stiff dc current/power source and will be illustrated and further analyzed in Section VI-C. The resulting control scheme is depicted in Fig. 5 . As can be seen, the control of the constant power OP P ref OP of the system is no longer necessarily actuated by the ac-side currents, illustrated by the presence of the additional power reference selector block. Indeed, this new block emphasizes the possibility of switching between the configurations defined above as Case A and Case B.
The two different approaches for power control represented by Case A and Case B can be easily extended to the case of dc voltage controlled or dc droop-controlled HVdc converter stations. Indeed, if an additional outer loop dc voltage controller is designed to provide P ref OP , the presented strategy for optimal shaping of the circulating current references as well as the two options for organizing the power flow control and energy balancing will be equally applicable as for the assumed example. However, it can be mentioned that the choice of which controller provides P * ac and P * dc can have significant influence on the dynamic response and controller bandwidth, especially for the case of dc voltage control. A preliminary evaluation of this issue, based on a different control strategy and a simplified MMC model, was presented in [41] . The results from this paper showed how a control system configuration with a dc-voltage controller providing P * ac implies that the closed-loop response of the controller for the capacitive energy sum given by (26) will limit the bandwidth of the dc-voltage controller. Thus, the same limitations will apply to the overall control strategies assumed in this paper. This also implies that the configuration of the energy balancing and power flow control of an MMC can have a significant impact on the potential for utilizing internally stored energy and/or power from the dc-side to provide inertial response from an MMC HVdc terminal. Thus, previous studies of inertia emulation and control of HVdc terminals as virtual synchronous machines (VSMs), based on 2L-VSCs [42] or on MMCs with conventional CCSC [43] , will not provide accurate representation of MMCs with closed-loop control of the dc-side current and/or the internally stored energy.
VI. SIMULATION OF MMC OPERATION UNDER UNBALANCED CONDITIONS
In this section, time-domain simulation results for a three-phase MMC with the parameters from Table I, operating under unbalanced conditions, are presented and evaluated. The MMC parameters are inspired from the preliminary design of the MMC-HVdc connection between France and Spain presented in [44] , with 400-SMs per arm, and SM capacitance [44] designed for a stored energy equivalent to 30 kJ/MVA. Operation under unbalanced conditions is studied for the case of a single-phase fault in phase a of the equivalent grid voltage source as shown in Fig. 6 . For the simulations, an MMC working in constant power control mode is assumed to be connected to a stiff dc voltage source. 5 The control system of the MMC is implemented according to Fig. 5 , and all the required input signals for the calculation of the circulating current references have been estimated using adaptive filters based on SOGI-QSGs, as explained in [45] .
For simplicity, the time-domain simulation results presented in the following section are based on the AAM of the converter. For simulation with an AAM representation of the MMC, each arm is modeled by a controlled voltage source which is coupled with an equivalent arm capacitance that represents the internal arm voltage dynamics. Further validation and analysis of such models are available in [33] , [34] , [46] , and [47] , but it should be noted that the model includes 5 As mentioned earlier, the investigation could be easily extended to MMCs in dc voltage controlling mode or droop-controlled mode, interfacing a constant dc current source or a multiterminal HVdc system instead. However, since the emphasis of this paper is the unbalanced ac-grid conditions, the case of an MMC interfacing a stiff dc voltage source operating in constant power mode is preferred for simplicity. 
A. Simulation Results With the Phase-Independent Formulation of [26]
The approach for circulating current reference calculation proposed in this paper in (23) and (24) stems from the need of a general equation capable of ensuring constant dc power during unbalanced operation. This section intends to briefly illustrate via time-domain simulations the limits of the phase-independent formulation of [26] recalled in (16) , under unbalanced grid voltage conditions. The main variables of interest from simulation results with this control strategy are depicted in Fig. 7 , when the MMC is exposed to the unbalanced grid voltages from Fig. 6 . While the circulating current references are calculated by (16), the grid current references are calculated with (25) , with kp = 0 for ensuring balanced ac-side currents during the unbalanced operation.
For the simulated scenario, Fig. 7 shows the three-phase ac-side currents, the instantaneous three-phase active power, the capacitive energy sum stored in each phase of the converter, and the instantaneous power at the dc terminals of the MMC, the sum of the capacitor voltages for each arm, the circulating currents, the energy difference between arms per phase, and the instantaneous reactive power. In addition, Since there is an unbalance in the ac-grid voltage, and the ac-side currents are controlled to be balanced, the instantaneous active power at the ac-side has a pronounced 2ω oscillation. When α = 1, the power fluctuations that are observed at the ac-side can be also found in the dc-side power as well. For this case, it is clear that (16) does not guarantee oscillation-free power at the dc terminals. Nonetheless, for the case of α = 0, the circulating current is being minimized and, therefore, contributes to minimizing the oscillations of the dc power as well. 6 However, it is worth emphasizing that even though the dc power fluctuations are small, they are only implicitly attenuated by the phase-independent control.
B. Simulation Results With Presented Formulation Suitable for Unbalanced Operation
In this section, operation with circulating current reference calculation by (24) is evaluated under three different ac-side current control strategies, corresponding to oscillation-free ac active power (kp = −1), balanced ac-side currents (kp = 0), and oscillation-free reactive power (kp = 1). The aim of this section is twofold. First, to validate (24) as a suitable control option for the MMC under unbalanced conditions. Second, to give insight into the performance of the MMC under unbalanced conditions with oscillation-free power at the dc terminals and the different ac grid current control strategies mentioned earlier. In Fig. 8 , a matrix of individual figures is shown representing the MMC grid currents, the ac-side active power, the energy sum stored in the capacitors for each phase, and the power at the dc terminals, for different values of kp ∈ [−1, 0, +1] and α ∈ [0, 1]. The series of plots is continued in Fig. 9 , showing the MMC capacitor voltages, the circulating currents, the energy difference between arms and the reactive power.
1) Comparison Between the Two Circulating Current Reference Formulations:
As a first remark, note that the instantaneous power at the dc terminals of the MMC controlled by (24) and depicted in Fig. 8 has a better performance in terms of the quality of the output waveform than the results depicted in Fig. 7 , independently of the value of α. This is because the constant dc power requirement was formulated as a strict constraint in the optimization problem, and all other requirements regarding the energy balancing are part of the objective function. Furthermore, when operating with (24) and α = 1, the capacitive energy sum in each phase presents more oscillations than the equivalent case depicted in Fig. 7 , since the buffering of power fluctuations originating from the acside is prioritized. Nonetheless, the oscillations in the stored energy are limited as much as possible.
2) Case of Oscillation-Free AC-Side Active Power With
Sinusoidal Currents (kp = −1): When kp = −1, neither the ac-side power at the PCC nor the power flow at the dc terminals present any observable oscillations. However, the stored capacitive energy sum variable has a clear zero-sequence oscillation component, which is compensating for the power fluctuations in the inductors, which are, in turn, caused by the unbalanced ac-side currents. By power preservation, i.e., Tellegen's theorem, the power P s that will enter the MMC, can be defined as
with R being the equivalent ac-side resistance as seen from the MMC, and w Lk representing the energy stored in the equivalent inductor L of a single phase k. The three-phase power fluctuating in the resistance and inductance can be easily computed as 
After some simple calculations, one can see that the above-mentioned expressions will only result in constant values in steady state if either i − abc = 0 or i + abc = 0. Thus, the presence of a negative sequence ac-side current will produce power fluctuations proportional to the equivalent inductance which, in turn, will enter the MMC.
3) Case of Balanced Sinusoidal Currents (kp = 0): When kp = 0 (refer to the third and fourth rows of Figs. 8 and 9 ), the ac-side currents are being controlled to be balanced by means of (25) even under the presence of the unbalanced ac-grid voltage. The product between balanced grid currents and unbalanced ac-grid voltages will result in a fluctuating power at the PCC at twice the grid fundamental frequency.
However, using the presented strategy for circulating current control, the MMC will store such power oscillations inside its distributed capacitors, thus preventing them from appearing at the dc terminals. In addition, and contrary to the previous case, there is no need to compensate any additional power oscillations in the ac-side inductances since the grid currents are balanced.
4) Case of Oscillation-Free Reactive Power With Sinusoidal Currents (kp = +1):
Comparing the fifth and sixth rows of Fig. 8 , corresponding to oscillation-free reactive power, with the rest of the figures, it can be seen that it is the case in which the MMC capacitive energy storing capability is required the most. More precisely, the capacitive energy in the MMC k∈abc w Ck fluctuates more than any of the other cases corresponding to kp = 0 and kp = −1. This is easier to notice when α = 1 than when α = 0, since for the former case the stored capacitive energy sum of each phase w Ck are in phase with one another. This allows to (23) clearly notice how the oscillations of the zero sequence of this variable reaches its highest value when kp = +1, its lowest when kp = −1, and an intermediate value when kp = 0. 7 This is because the MMC is compensating for both energy fluctuations "sources," that is: 1) the inductive energy fluctuations due to the unbalanced grid currents and 2) the fluctuating ac-side power, which is significantly higher than for the other cases. By contrast, the oscillation-free reactive power control seems to be the case with the smallest energy difference oscillations between arms, which results in the case with smallest fluctuations of MMC capacitor voltages (v U,L Ck ). Note that when kp = +1, the energy difference oscillations and the MMC capacitor voltages are much lower than for the other values of kp, especially compared to the case of kp = −1. Thus, ensuring constant instantaneous reactive power (kp = +1) during unbalances tends to reduce the voltage stress of the arm capacitors.
From the fourth column of Fig. 8 , it is possible to observe some small oscillations at the dc power, which are fluctuating at twice the grid frequency. These oscillations are, in fact, introduced by P ref PB in (26) , through P * dc , and are associated with the dynamics of the filtering technique used to determine w ref C3φ . They are also bigger for the case in which kp = +1, since this is the case in which w ref C3φ is the biggest, as can be inferred from the third column of the same figure. Thus, it is expected that adding appropriate filtering of the feedback signal will eliminate the small remaining oscillations in the dc power.
5) Relationship Between the Circulating Currents, kp and the AC-Side Power Oscillations:
Another interesting observation can be made by analyzing the mean value of the circulating currents for each case. For kp = −1, there is no significant difference between the mean value of each of the phases. This is because constant three-phase power is achieved by increasing the current in the phase with reduced voltage. Thus, the ac-side power control is ensuring equal average power in the three phases, which corresponds to equal dc component of the circulating current. Nevertheless, when kp = 0, the mean value of i a is decreased compared to the other two phases since this case does not ensure constant power per phase, but a power proportional to the voltage at the PCC. The difference observed between the phases is the most significant when kp = +1, as it is also the case with highest ac-side power oscillations.
6) Final Remarks:
Working directly in abc coordinates in the stationary frame enables the possibility of directly regulating the mean values of the capacitive energy sum and difference stored in the arms of the MMC (i.e., w Ck & w Ck ) independently per phase. Indeed, this translates into the MMC capacitor voltages having the desired average voltage value regardless of the unbalanced condition and the applied method for grid current control.
The circulating current control reference of (24) will ensure that the sum of the circulating currents will be oscillation-free regardless of the value of α. Thus, constant power at the dc terminals of the converter is ensured for every case.
If the MMC is operated with α = 1, the capacitive energy storage capacity of the MMC ( k∈(abc) w Ck ) will be utilized most efficiently as only the zero-sequence component will appear. This is not the case for α = 0 since besides the zero sequence, positive, and negative sequences appear as well.
The presented results show that the MMC can always be controlled to prevent steady-state power oscillations from the ac-side from entering the dc grid. Thus, the MMC can be controlled to act as a power oscillation firewall, as long as the capacitance is designed to handle the fluctuations. Controlling the power oscillations on the ac-side can limit the energy sum oscillations. However, the internal arm capacitor voltagessimilar to the energy difference-are highly dependent on the fluctuation of the reactive power at the ac-side. Thus, constant instantaneous reactive power control can minimize the MMC SM capacitor voltage oscillations during unbalanced operation.
C. Influence of the Two Active Power Control Objectives
This section intends to show the difference between the Cases A and B defined and discussed in Section V. Thus, Fig. 10 shows three curves, all representing the power at the dc terminals of the converter under a transient unbalanced fault between t = 0.2 s and t = 0.6 s given by the same fault conditions as in the previous simulations. Each of the curves is obtained with a different control strategy as follows.
1) First, the CCSC from [11] is used, only as a reference. This case has no explicit control of the zero sequence component of the circulating current (unlike [14] ), and hence, it is not capable of ensuring constant power. 2) As a second case, the power at the dc terminals of the converter resulting from applying (24) under the configuration defined as Case A in Section V is presented. It can be seen how the oscillations are significantly reduced with respect to the reference case, yet a noticeable transient appears at t = 0.2 s and at t = 0.6 s. These transients are generated by (26) through the dc power reference P * dc . 3) Finally, the last curve depicts a signal with no noticeable transient. This result is obtained by applying (24) under the configuration defined as Case B in Section V. By doing so, all the dynamical effects caused by the PI controller of (26) are now shifted to the ac-side of the converter, leaving the dc-side of the MMC absolutely decoupled from any kind of disturbance within its rated operating conditions. The rest of the variables for the event under consideration are shown in Fig. 11 for Cases A and B. As expected, the transitory peaks that were found in the power at the dc terminals of the MMC under Case A configuration have been shifted into the ac-side power for Case B and are, therefore, absorbed by the distributed capacitive energy storage of the MMC.
VII. CONCLUSION
An approach for optimal shaping of the circulating currents in MMCs under unbalanced operating conditions, based on constrained mathematical optimization in abc coordinates by the Lagrange multipliers method, is presented and analyzed in this paper. The applied optimization procedure yields analytical expressions for the calculation of circulating current references for each phase of the MMC that will ensure constant, nonoscillatory, power flow at the dc-side of the converter under unbalanced ac grid voltage conditions, independently of the power control objectives at the ac-side. The condition of nonoscillatory power flow at the dc-side of the converter can be achieved while minimizing either the oscillations of the capacitive energy sum or the circulating current per phase. In both these cases, the applied strategy for circulating current reference calculation for the MMC is capable of preventing steady-state power oscillations at the ac-side during unbalanced conditions from propagating into the dc-side.
Furthermore, it has been shown that utilization of the circulating currents instead of the ac-side currents to establish the constant power operating point of the MMC, both steady-state and transient power fluctuations or perturbations from the ac grid will be prevented from propagating to the dc terminals of the MMC, as long as the operation of the converter is kept within its rated conditions. Thus, the MMC can be controlled to act as a power oscillation firewall where the distributed capacitance of the MMC topology is utilized to effectively decouple the power flow in the ac and dc-sides. Such operation of the MMC can be especially relevant for (multiterminal) HVdc systems where unintended dc-side power fluctuations and thus dc voltage fluctuations should be avoided, since they will negatively influence other converters connected to the same dc network.
For assessing the operation of the MMC under different operating conditions, three strategies for ac-side power control during unbalanced ac-grid voltage conditions have been simulated with the proposed strategy for circulating current reference calculation. This analysis intends to provide insight into the operation of the MMC converter under unbalanced conditions when controlled according to the proposed approach. It was shown that, regardless of the applied ac-side control strategy, the internal energy storage capacity of the MMC is able to decouple the power oscillations of the ac-side from the dc-side. Nonetheless, each control strategy has a different effect on the internal MMC variables, as demonstrated by the presented results. This should be taken into account in the design and control of each particular application. More precisely, it was seen how controlling the MMC with constant instantaneous reactive power during the unbalanced conditions reduced the voltage oscillations in internal MMC capacitors, which can have important consequences for their required size and ratings.
